Chloritoid and taramite bearing basic schists occur on the streambed at Ikadadu in the garnet zone of the Sanbagawa metamorphic belt, central Shikoku. Their major constituent phases are chloritoid, taramite, chlorite, paragonite, phengite, epidote, ilmenite, titanite, albite and quartz. Chloritoid occurs only as inclusions in garnet. The appearance of chloritoid in the basic schists is strongly dependent on their restricted FeO rich and high Al 2 O 3 /(CaO + Na 2 O + K 2 O) bulk rock compositions. The metamorphic pressure (P) and temperature (T) conditions, 0.9 GPa and 505 515 C, are estimated by using equilibrium relationships among chloritoid, taramite, chlorite, paragonite, garnet and quartz. These P T conditions are distinctly lower than those estimated for a chloritoid bearing assemblage at the eclogite facies stage of pelitic schists in the Seba eclogite unit (1.7 GPa/525 555 C), 0.5 1 km north of the Ikadadu outcrop. This implies that there is a significant difference in the peak metamorphic pressure of the chloritoid forming stages between the Ikadadu and Seba chloritoid bearing schists, indicating the existence of a tectonic discontinuity between the two localities. Chloritoid and amphibole bearing assemblages are stable at various metamorphic P T conditions within suitable bulk rock compositions and their phase equilibria are helpful in discussing P T conditions for various metamorphic rocks.
INTRODUCTION
The upper stability limit of pressure (P) and temperature (T) for many ferromagnesian minerals generally increases with their increasing Mg# [= Mg/(Mg + Fe)] value (Schreyer, 1988) . Chloritoid is an example of such behavior and is an important index mineral of metamorphic conditions. Chloritoid occurs in metamorphic rocks from a wide range of P T conditions. Fe rich chloritoid with Mg# less than 0.2 is a relatively common mineral in low to medium pressure type metapelites (Halferdahl, 1961; Ganguly, 1969) . In contrast, magnesiochloritoid is a key mineral in the petrogenesis of the high grade blueschist and eclogite facies metamorphic rocks (Chopin and Schreyer, 1983) , and the Mg# value of chloritoid in ultra high pressure metamorphic rocks ranges up to 0.97 (e.g., Simon et al., 1997) . In high pressure metamorphic terranes, the chloritoid bearing assemblage is an important metamorphic indicator that is of particular use in geobarometry (Chopin, 1983) . For example, the chloritoid + glaucophane assemblage, which is a high pressure equivalent of the garnet + paragonite and/or chlorite + paragonite + quartz assemblages in the NFMASH system (e.g., Guiraud et al., 1990) , is well known to occur in the blueschist and eclogite facies metamorphic rocks (e.g., El Shazly and Liou, 1991; Okay, 2002) .
Chloritoid is a rare mineral in the Sanbagawa belt. Several careful studies, however, have reported occurrences of chloritoid in the pelitic schists from the Seba area (Takasu, 1986; Wallis and Aoya, 2000) , basic schists from the Kotsu area (Wallis and Aoya, 2000) and basic schists from the Ikadadu area (Takasu, personal communication, 1980s) . The Seba and Kotsu samples were both collected from the eclogite units proposed by Wallis and Aoya (2000) and Aoya (2002) , and the Seba chloritoid bearing pelitic schists were shown to be stable under the eclogite facies conditions (Zaw Win Ko et al., 2005 in press) . On the other hand, the Ikadadu chloritoid bearing basic schists occur outside of the proposed eclogite unit and their petrological and mineralogical significance have not yet been discussed. The Ikadadu samples can be expected to provide a unique opportunity to compare the equilibrium conditions of chloritoid bearing metamorphic rocks between the eclogite and non eclogite units of the Sanbagawa belt.
In this contribution, firstly we report the chloritoid bearing mineral assemblages included in garnet of the Ikadadu samples and estimate their metamorphic P T conditions, and secondly we compare the P T conditions for chloritoid bearing rocks among different metamorphic units.
OUTLINE OF GEOLOGY
The Sanbagawa belt represents the deeply subducted part of an active margin that formerly lay parallel to modern SW Japan. To the north, the Sanbagawa belt is bounded by the Ryoke belt, which is characterized by high T/P metamorphism. The southern boundary of the Sanbagawa belt is in contact with either the Chichibu belt or locally the Shimanto belt, both of which are accretionary complexes of the Mesozoic and/or early Cenozoic.
The metamorphism of the Sanbagawa belt of central Shikoku, can be discussed in terms of four mineral zones: chlorite, garnet, albite biotite and oligoclase biotite zones in the ascending order of metamorphic grade, based on mineral parageneses of pelitic schists (e.g., Enami, 1983; Higashino, 1990 : Fig. 1 ). The metamorphic grade of the albite biotite and oligoclase biotite zones is equivalent to that of the epidote amphibolite facies (Enami et al., 1994; . Within the region of the albite biotite and oligoclase biotite zones, however, there are numerous eclogitic masses mainly with ultramafic and mafic compositions (Fig. 1) . The mafic masses have protoliths of gabbro and basalt, and preserve the eclogite facies equilibria that predated the epidote amphibolite facies metamorphism (e.g., Kunugiza et al., 1986; Takasu, 1989; Aoya, 2001) . The apparently higher pressure metamorphic conditions of the eclogitic masses compared to the surrounding schists suggest the presence of a major tectonic boundary somewhere outside of the eclogitic masses. Wallis and Aoya (2000) considered that, in the Seba area, the tectonic boundary can be recognized by the local presence of exotic materials such as serpentinite pods and used this criterion to trace out the Seba eclogite unit which includes the Seba metagabbro mass and surrounding basic schist dominant lithologies [cf. Fig. 3a of Aoya (2001) and Fig. 1 ]. However, the pressure gap has not been specifically confirmed on the sides of the presumed boundary between eclogitic and non eclogitic lithologies. The exact position of the tectonic boundary, therefore, is still uncertain and the Seba eclogite unit of Wallis and Aoya (2000) and Aoya (2001) may only indicate the minimum extent of eclogitic lithologies in the Seba and the surrounding area.
Chloritoid bearing (Cldb) basic schist in the non eclogitic units, which is discussed in this paper, crops out in a section several meters long on the streambed of the Dozan River at Ikadadu, in the Besshi region, which is within the garnet zone (longitude 133 23 13 , latitude 33 51 00 Fig. 1 ). The outcrop is surrounded by river sand and gravel and thus the mode of occurrence of the Cldb basic schist is not clear. It is, however, probably a part of a lenticular body (10 m scale) that is hosted in pelitic schists. The garnet zone of the Sanbagawa belt is mainly defined by the coexistence of chlorite and pyralspite garnet and absence of biotite in pelitic schists (e.g., Higashino, 1990) . The lower grade part of the garnet zone belongs to the epidote blueschist facies and the higher grade part represents the epidote amphibolite facies. In the higher grade part of the garnet zone, the metamorphic temperature for pelitic schists is estimated to be 480 495 C (Enami et al., 1994; . The sodic pyroxene bearing quartz schists from the garnet zone give the equilibrium pressure conditions of 0.7 1.0 GPa (Enami et al., 1994) .
PETROGRAPHY
The Ikadadu Cldb basic schists are of considerable petrologic interest, because they contain a similar assemblage to that reported from pelitic schists of the Seba eclogite unit, 0.5 1 km north of the Ikadadu outcrop (Zaw Win Ko et al., 2005 in press).
Inclusion phases in Garnet
Garnet porphyroblasts (1 3 mm in size) contain abundant fine grained inclusions of solid phases such as chloritoid, amphibole, paragonite, chlorite, phengite, titanite, ilmenite and quartz (Fig. 2 ). Inclusion trails traced by the arrangement of ilmenite are locally at a high angle to the schistosity of the matrix. Chloritoid is found only as inclusions within the garnet. Chloritoid occurs as 50 300 m laths of pale grayish green in color. Chloritoid inclusions are locally in contact with ilmenite and rarely associated with other inclusions such as chlorite, paragonite and quartz. Amphibole inclusions are generally fine grained (50 100 m in length) and commonly appear associated with quartz aggregates. Chlorite occurs as small platy crystals. Paragonite shows flake or tablet forms with irregular outlines and is rarely associated with chloritoid. Phengite inclusions are abundant throughout the garnet porphyroblast. Epidote is ubiquitous and occurs as fine grained crystal with 100 m in maximum length. 
Matrix phases
The dominant minerals in the matrix are garnet, albite, chlorite, phengite, epidote and calcite. Other accessory phases include paragonite, amphibole, titanite and tourmaline as well as ilmenite. The grain sizes of anhedral to subhedral garnet vary from 1 mm to 5 mm in diameter.
Albite porphyroblasts (up to 1mm in size) locally contain inclusions of amphibole, chlorite, ilmenite, paragonite, phengite, epidote, titanite and quartz. Matrix phengites are up to 2 mm in length and define the foliation. Although most of the chlorite forms fan like aggregates that partly replace garnet, isolated chlorite also occurs in mica bands. Epidote occurs as elongate crystals up to 0.5 Figure 3 . Bulk rock compositions of chloritoid bearing basic schists (this study) and chloritoid free basic schists (Okamoto et al., 2000) in the Sanbagawa metamorphic belt. * FeO indicates total iron as FeO. mm in length and sometimes rims an allanite core.
BULK-ROCK COMPOSITIONS
Bulk rock chemical analyses were carried out for four Ikadadu Cldb basic schists that were taken from different parts of the outcrop. The samples were cut to remove weathered parts, dried, and then crushed to a size of less than a few millimeters using an iron headed hammer on an iron plate. The crushed samples were then ground into a powder in an electric agate mill. Analyses of all samples were carried out using a Shimadzu SXF 1200 XRF spectrometer at Nagoya University (Morishita and Suzuki, 1993) . The results are shown in Table 1 and Figure 3 . The low total values of around 95 wt% obtained for these samples are mainly due to the presence of calcite as a main constituent mineral. In Figure 3 , data of chloritoid free (Cldf) basic schists (Okamoto et al., 2000) from the garnet and albite biotite zones are also plotted for comparison. The SiO 2 contents of the Cldb basic schists are 44.2 49.0 wt%, similar to those of Cldf basic schists from the Sanbagawa belt (44.3 51.0 wt%; Fig. 3a) . The Al 2 O 3 contents of the Cldb basic schists (15.7 16.9 wt%) are also similar to those of the Sanbagawa Cldf basic schists (13.2 17.1 wt%; Fig. 3b ). The Cldb basic schists have markedly lower total contents of alkali and alkaline earth elements (CaO + Na 2 O + K 2 O = 9.1 14.8 wt%) than Cldf basic schists (12.3 20.2 wt%; Fig. 3b ), which account for the significantly higher Al 2 O 3 /(CaO + Na 2 O + K 2 O) molecular values of the Cldb basic schists (0.68 1.18) compared to Cldf basic schists (0.43 0.72; Fig. 3c ). The FeO* + MnO + MgO contents of the Cldb basic schists (15.2 15.6 wt%) are slightly lower than those of Cldf basic schists (15.3 23.6 wt%; Fig. 3a ), but the FeO*/(FeO* + MnO + MgO) molecular values of the Cldb basic schists (0.84 0.87) are significantly higher than those of the Cldf basic schists (0.38 0.62; Fig. 3d ).
MINERAL CHEMISTRY
The chemical compositions of minerals were analyzed using a JEOL JXA 8800R (WDS + EDS) electron probe microanalyzer at the Petrological Laboratory of Nagoya Compositional range of amphibole in chloritoid bearing basic schists (this study) and chloritoid free basic schists from the garnet zone (Higashino et al., 1981; 1984: Enami, unpublished data) . University. The accelerating voltage, specimen current and beam diameter for quantitative analyses were usually kept at 15 kV, 12 nA on the Faraday cup and 2 3 m, respectively. A slightly defocused beam of 5 m in diameter was used for mica analyses. Well characterized natural and synthetic silicate and oxide standards were used for calibration. The ZAF method was employed for matrix correction. Amphibole formulae are described using the maximum Fe 3+ contents as suggested by Leake et al. (1997) . Representative analyses of the major constituent minerals of the samples BS13Y01c and BS29Y04b are given in Table 2 . Abbreviations for minerals and molar components follow Kretz (1983) and Miyashiro (1994) . Mineral formula units used in the reaction expressions are those of Holland and Powell (1998) . 
Amphibole
Amphibole included in garnet is chemically homogeneous with Si = 6.15 6.91 pfu (per formula unit), Al = 2.30 3.08 pfu and [B] Na (sodium content in eight coordinated M4 sites) = 0.64 0.98 pfu (Fig. 5) . Amphiboles in the matrix (Si = 6.30 6.62 pfu, Al = 2.38 2.88 pfu and sodium [B] Na = 0.64 0.99 pfu) have almost the same compositional range as the amphibole inclusions included in garnet. These amphiboles are taramite and clearly poorer in [B] Na and Si than those of the eclogite stage barroisite in the Seba Cldb pelitic schists and sodic amphibole barroisite actinolite series in Cldf basic schists of the Sanbagawa garnet zone (Fig. 5) .
Garnet
Garnet shows bell shaped chemical zoning in the spessartine component, which decreases in abundance from the core towards the rim (Fig. 6 ). Almandine and pyrope contents and Mg# all increase outwards and the garnet can be interpreted to have formed during a prograde stage. Most of the garnets show a monotonous decrease of grossular content from the core towards the rim but an outward increase of grossular content is observed in some grains. 
Chlorite
Chlorite has a narrow compositional range with Si = 2.60 2.85 pfu and Mg# = 0.04 0.32 (Fig. 7) . The Si content of matrix chlorite resembles that of chlorite included in garnet. However, the Mg# of matrix chlorite (0.18 0.33) is somewhat higher than that of chlorite included in garnet (0.04 0.26). At first sight, this compositional relationship appears to imply that the matrix chlorite shows higher temperature equilibrium than the chlorite included in garnet. However, the Mg# of the matrix chlorite is similar to that of chlorite pseudomorph after garnet (Mg# = 0.23 0.31; Fig. 7 ). We infer, therefore, that the matrix chlorite in the Cldb basic schists was re equilibrated during a retrograde stage to some degree and are probably not in equilibrium with garnet. Some iron rich chlorite grains (Mg# = 0.04 0.08) included in garnet form aggregates with ilmenite, and possibly indicate local re equilibration between the chlorite and ilmenite (Fig. 7) .
Micas
Phengite has a compositional range with Si = 3.22 3.34 pfu and XNa [=Na/(Na + K + Ba)] = 0.05 0.12. Paragonite compositions are very close to that of the end member (Si=2.98 3.10 and X Na =0.82 0.95). There is no significant difference in the compositions of inclusion and matrix micas.
Accessory minerals
YFe basic schists (this study) and chloritoid free basic schists from the garnet zone (Higashino et al., 1981; 1984: Enami, unpublished data) .
Calcite has a near end member composition with Fe < 0.05 pfu and Mg < 0.02 pfu.
MINERAL REACTIONS AND EQUILIBRIUM CONDITIONS
Pressure temperature conditions during garnet growth can be discussed using the low variance assemblage of amphibole + chloritoid + paragonite + chlorite + phengite + quartz included in garnet. For garnet, the average of several analyses around inclusion phases was used for P T estimations.
Net transfer reactions
Mineral equilibria were calculated using the THERMOCALC program (ver. 3.21) with the updated HP98 dataset (Holland and Powell, 1998) . The activity models for minerals used in the P T estimations are obtained using the AX2 program (ver. 2.2). The Na bearing amphibole + chloritoid assemblage is a high pressure equivalent of the paragonite + chlorite + quartz assemblage and, thus, the inclusion assemblage in the Cldb basic schists is related by the following reaction in the NFASH system. 8 paragonite + 5 daphnite + 6 quartz = 13 ferrochloritoid + 4 ferroglaucophane + 11 H 2 O
In the case of Ikadadu Cldb samples, addition of garnet to the inclusion assemblage leads to the following three independent equilibrium reactions including ferrochloritoid and/or ferroglaucophane in the quartz and H 2 O excess system: ferrochloritoid + daphnite + 2 quartz = 2 almandine + 5 H 2 O (2) 9 ferrochloritoid + 2 ferroglaucophane + 2 quartz = 5 almandine + 4 paragonite + 7 H 2 O (3) 9 daphnite + 4 paragonite + 16 quartz = 13 almandine + 2 ferroglaucophane +38 H 2 O (4)
These four reactions define an invariant point at 0.9 GPa/ 515 C for BS13Y01c and at 0.9 GPa/505 C for BS29Y04b in the NFASH system, which suggest equilibrium conditions for the chloritoid and taramite bearing assemblage included in garnet (Fig. 8) . The P T conditions for this system are estimated assuming that iron of chlorite is ferrous. The Ikadadu chlorite, however, probably contains measurable amounts of ferric iron as discussed later. Presence of 2 wt% Fe 2 O 3 (about 5% of total iron) in chlorite would increase the P and T estimates of the invariant point by 0.1 GPa and 5 C. Pressure temperature estimations using the NMASH system give 0.1 GPa lower P and 10 C higher T conditions for BS13Y01c, and 40 C lower T for BS29Y04b than those in the NFASH system.
Mg-Fe exchange geothermometer
Two calibrations of the garnet chlorite geothermometer of Ghent et al. (1987) and Grambling (1990) with the garnet activity models of Berman and Aranovich (1996) , Ganguly et al. (1996) , and Mukhopadhyay et al. (1997) give 440 600 C and 430 620 C at 1.0 GPa for the pair of chlorite inclusion and host garnet, respectively. Some of these temperature estimations are substantially higher than previous estimations, for the garnet zone pelitic schists, of 425 495 C (Enami et al., 1994; . For the garnet chlorite geothermometer, the Mg Fe partition coefficient (KD), defined as (Mg/Fe 2+ )Grt / (Mg/Fe 2+ )Chl, is less than unity. In the present case, the iron in both garnet and chlorite is assumed to be entirely ferrous. However, the samples contain Fe 3+ rich epidote, implying the presence of certain amounts of ferric iron in the garnet and chlorite as well. Chlorite tends to have higher Fe 3+ /Fe 2+ value than garnet, and the KD value employed is likely to represent a maximum estimation. Therefore, temperature estimations using the garnet chlorite geothermometer imply the upper limit of the metamorphic temperature. Data sets of matrix chlorite and garnet rim compositions give variable and, in part, unreasonably high KD values, 0.16 to 0.20, which are distinctly higher than those for the Sanbagawa pelitic schists from the garnet (0.03 0.08), albite biotite (0.08 0.10) and oligoclase biotite (0.10 0.14) zones reported by Higashino (1990) . This is partly due to the presence of ferric iron in the matrix chlorite of basic schists. However, a more significant cause of the high K D values is the decrease in Mg# brought about by recrystallization during a retrograde stage, as discussed in the mineral chemistry section.
DISCUSSION AND CONCLUSION
Chloritoid bearing Sanbagawa schists have been reported from two localities in the Seba area (Takasu, 1986; Wallis and Aoya, 2000) and a locality in the Kotsu area (Wallis and Aoya, 2000) in addition to the Ikadadu outcrop examined in this study. The three localities of the Seba and Kotsu areas all belong to the proposed eclogite units (Wallis and Aoya, 2000) . Detailed petrological stud-ies of the Seba samples confirm this assemblage formed in the eclogite facies stage (Zaw Win Ko et al., 2005 in press: Fig. 8 ). The main features of these samples are as follows: (1) the Seba garnet locally shows a zonal structure with two stages of growth under the eclogite and the subsequent epidote amphibolite facies, (2) occurrence of chloritoid is restricted to the garnet core of the eclogite facies stage, and (3) amphibole coexisting with chloritoid in the garnet porphyroblasts is distinctly higher in sodic amphibole components than those in the matrix which has been completely recrystallized during the epidote amphibolite facies stage. The Cldb assemblages in both the Seba and Kotsu schists are very likely to have been stable under the eclogite facies stage prior to the overprint of the epidote amphibolite facies and greenschist facies recrystallization, respectively. The equilibrium conditions of the Ikadadu samples calculated using compositions of garnet porphyroblast and its inclusions (0.9 GPa/ 505 515 C Fig. 8 ) are distinctly lower in pressure than those estimated using the same mineral equilibria for Cldb pelitic schists in the Seba eclogite unit (1.7 GPa/ 525 555 C Fig. 8 ) and are similar to those reported for common schists of the Sanbagawa garnet zone (0.7 1.0 GPa/425 495 C: Enami et al., 1994; . These results indicate that there is a significant pressure gap of at least 0.8 GPa in metamorphic conditions between the Ikadadu Cldb basic schists and Seba Cldb pelitic schists. This pressure difference is equivalent to a thickness of around 30 km ( = 2.75 g/cm 3 ), which occurs over a horizontal distance of about 0.5 1 km. It can, therefore, be concluded that there should be a major tectonic boundary somewhere between the Ikadadu outcrop and the Seba eclogite unit, and the distribution of eclogitic lithologies cannot be extended to include the Ikadadu outcrop.
The Cldb basic schists show higher Al 2 O 3 and FeO* and lower alkali contents than the common Cldf basic schists of the Sanbagawa belt (Fig. 3) . Based on numerous studies of naturally occurring metapelites and idealized chemical formulae of minerals, it can be generally stated that the order of decreasing Fe/Mg and Al/Si ratios in common ferromagnesian minerals occurring in pelitic schists are: garnet > staurolite > chloritoid > biotite > chlorite > cordierite > talc for the Fe/Mg value (Spear, 1993) , and staurolite > chloritoid > chlorite > cordierite > garnet > biotite > talc for the Al/Si reference value. Thus, the Al and Fe rich bulk rock compositions of the Cldb basic schists are suitable for formation of chloritoid, and the stability of chloritoid is strongly controlled by the rock compositions as well as metamorphic conditions.
The Cldb basic schists from the Ikadadu area and Cldb pelitic schists from the Seba eclogite unit have similar mineral assemblages. However, their mineral compositions and equilibrium P T conditions are substantially different in the two areas. This implies that chloritoid in Cldb basic schists are formed by reactions similar to those of the Cldb pelitic schists in the Seba eclogite unit but at lower pressures and temperatures. The chloritoid and amphibole bearing assemblage is probably stable at various metamorphic P T conditions and appropriate bulk rock compositions, and their phase equilibrium is therefore useful in discussing the P T conditions for a range of different metamorphic rocks.
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